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Predicting the 3D Secondary Structure of RNA Molecules
MarioVillada-Balbuena, OscarTaxilaga-Zetina,MauricioD.Carbajal-Tinoco.
Cinvestav-IPN, Me´xico D.F., Mexico.
From a number of crystallographic structures of high molecular weight RNA
molecules, we derived a set of effective potentials that describe the interac-
tions between nucleotide centroids. Using this information, we developed a
new Force Field that was implemented in a Molecular Dynamics code whose
objective is to describe the three-dimensional folding of RNA molecules. The
acceptance criterion for the resulting structures from MD simulations is
through the minimum potential energy. Our simulated structures were
compared to experimental NMR results and we found a good structural sim-
ilarity measured by the RMSD.
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The Structure of the Disease-Associated (GGGGCC)N Repeat from the
C9ORF72 Gene
Bita Zamiri1, Kaalak Reddy2, Christopher E. Pearson2,
Robert B. Macgregor, Jr.1.
1Pharmacy, University of Toronto, Toronto, ON, Canada, 2University of
Toronto, Toronto, ON, Canada.
Amyotrophic lateral sclerosis (ALS), also known as lou gehrig’s disease, Is a
fatal neurodegenerative disorder for which there are currently no effective ther-
apies. It was recently reported that an expansion of a (GGGGCC)(GGCCCC)
hexanucleotide repeat within a non-coding region of C9ORF72 causes
ALS and FTD. Unaffected individuals have 2-19 repeats and individuals
with as few as 20-25 repeats may show symptoms of disease, while those
affected can have 250-1600 repeats. We have demonstrated that the
(GGGGCC)N RNA and DNA forms extremely stable G-quadruplex struc-
tures. we also report the binding of tmpyp4 to the ALS-FTD r(GGGGCC)
N and D(GGGGCC)N repeat using gel mobility-shift assays, circular dichro-
ism (CD) spectroscopy, UV spectroscopy and isothermal titration calorimetry
(ITC). Additionally, we report that TMPYP4 competes with and can displace
ASF/SF2 and hnrnpa1 purified proteins from the ALS-FTD-associated
R(GGGGCC)8 repeat.
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NMR Spectroscopy of Riboswitches using In Vivo Labeled RNAs
Rachel E. Brown1, My T. Le2, Andrew P. Longhini1, Theodore K. Dayie1.
1Department of Chemistry & Biochemistry, University of Maryland, College
Park, MD, USA, 2Department of Cell Biology and Molecular Genetics,
University of Maryland, College Park, MD, USA.
In the last two decades, RNA has emerged as more than a messenger molecule.
RNA has numerous functions, including enzymatic activity and regulation of
gene expression. Critical gene expression in numerous pathogenic bacteria is
controlled by riboswitches, folded RNA structures located in the untranslated
regions of mRNAs. Riboswitches have folded aptamer domains that change
shape upon metabolite binding to modulate the transcription or translation of
the downstreammRNA. The exploitation of riboswitches as potential therapeu-
tic targets requires a detailed understanding of their three-dimensional architec-
ture and dynamics.
Nuclear Magnetic Resonance (NMR) spectroscopy is an attractive method of
studying RNA structure and dynamics in solution, without worrying about crys-
tallization. However, two disadvantages of NMRmust be overcome, especially
when studying molecules of large molecular weight: spectral overlap of
resonances and broadened linewidths. Furthermore, common methods of
RNA purification involve denaturation and renaturation of the RNA, leading
to misfolded RNAs in the sample.
The resolution and sensitivity of NMR spectra can be significantly improved
by the site-specific labeling of RNA with NMR-active isotopes, 15N and 13C.
Using genetically engineered E. coli mutants, we have developed a method
for large-scale, in vivo production of site-specifically labeled RNA. To pre-
vent the RNA from being degraded by nucleases in the cell before it can be
harvested, our construct includes a tRNA scaffold that disguises the RNA of
interest. Our purification protocol excludes commonly-used denaturation
steps, allowing the RNA to maintain its co-transcriptional fold. We will
showcase our efforts to streamline in vivo labeling for selected riboswitches.
Our long-term goal is to determine how these riboswitches change from
an unfolded structure to one with the ability to recognize their cognate
metabolites.1445-Pos Board B175
Molecular Determinants of Ligand Recognition in the preQ1 Riboswitch:
Quantitating the Effect of 7-Aminomethyl Modifications in a Series of
preQ1 Analogs
Jenna M. Davison, Neilson K. Neilson, Mallory N. Pahl, Ian T. Suydam.
Seattle University, Seattle, WA, USA.
The preQ1 riboswitch regulates genes responsible for the production of
queuosine modified tRNAs in a number of bacterial species. Similar to other
riboswitch mechanisms a binding event between the metabolite preQ1 and
the 5’-untranslated region of the regulated operon stabilizes an alternative
RNA fold, leading to a down regulation of protein production at the tran-
scriptional or translational level. Several studies have investigated the metab-
olite/RNA contacts responsible for the high affinity and selectivity of this
binding event, but the contribution of functional groups at the 7-aminomethyl
position has not been fully described. The goal of our current work is to
quantitate these contributions through the synthesis of three classes of
preQ1 analogs, each containing modifications at the 7-aminomethyl position
(N-alkyl analogs, charge neutral hydroxyl analogs, and a series of 7-carbonyl
analogs). Progress toward the synthesis of these targets and the determination
of their binding affinities using a fluorescence-based assay will be presented.
The solution pKa value of preQ1 and several analogs will also be reported
and discussed in the context of available structural data for the preQ1
riboswitch.
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The Snakelike Chain Character of Unstructured RNA
David R. Jacobson, Dustin B. McIntosh, Omar A. Saleh.
University of California, Santa Barbara, Santa Barbara, CA, USA.
The three-dimensional conformation of RNA is governed by a number of
physical and chemical factors. However, in the absence of base-pairing and
tertiary structure, unstructured RNA assumes a random-walk conformation
dominated by the electrostatic self-repulsion of its charged, flexible back-
bone. This behavior is often modeled as a ‘‘wormlike chain’’ (WLC) with
an electrostatics-dependent persistence length. However, through measure-
ments of the end-to-end extension and ion atmosphere of poly(U) RNA
stretched by 0.1-10 pN applied force, we find that the WLC model does
not adequately describe the behavior of unstructured RNA. Instead, we find
that our data are well described by a ‘‘snakelike chain’’ (SLC) model.
The SLC model is characterized by smooth bending on long length scales
and ion-stabilized crumpling on short length scales. We see signatures of
both regimes in our extension vs. force data: a low-force power-law charac-
teristic of a chain of swollen blobs on long length scales and a high-force re-
gion of increasing compliance with ion valence, consistent with increased
conformational stabilization, on short length scales. In monovalent salt, we
find the crossover between the two regimes (SLC blob size) to scale with
the Debye screening length, indicating the determining importance of
electrostatics.
By systematically varying force and bulk salt concentration, we measure the
change in the number of ions associated with the RNA as it is stretched. We
find that ions are liberated during stretching. This is consistent with the SLC
picture: ions that stabilize the short-length-scale crumples are released when
those crumples are mechanically straightened. Additionally, we observe the
number of ions liberated increases with increasing bulk salt concentration;
this is consistent with the SLC model, but contradicts the WLC model with
electrostatics-dependent persistence length.
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Comparing RNA Kissing Interactions at Single-Molecule and Ensemble
Levels
William Stephenson, Papa Nii Asare-Okai, Scott Tenenbaum, Daniele Fabris,
Pan T.X. Li.
University at Albnay, SUNY, Albany, NY, USA.
Single-molecule and ensemble techniques are employed to take different per-
spectives to complex, heterogeneous systems. The challenge remains whether
we can interpret results from the two different approaches using a unified
thermodynamic framework, despite the differences in experimental proce-
dures and conditions? In RNA mediated gene regulations, RNA kissing
complexes, a type of loop-loop interaction, play a critical role in speeding
RNA-RNA interactions. However, to form a kissing complex, a regulatory
hairpin must compete with RNAs for various targets and non-targets. To
probe such an interacting network, we use optical tweezers to determine
284a Monday, February 17, 2014thermodynamics of each type of kissing complexes one molecule at a time,
and use mass spectrometry to take a snapshot of simultaneous equilibria of
multiple kissing interactions by many molecules. Especially, we examine
strength of relatively weak kissing interactions at single-molecule level and
monitor their competition with formation of stronger kissing structures at
ensemble level. To compare the two types of measurements, we take into
account different experimental conditions, including salts, concentrations of
RNAs, time vs. numerical averaging, equilibrium vs. non-equilibrium, and
difference between intra- and intermolecular interactions. With these adjust-
ments, we establish a quantitative correlation between two types of measure-
ments, which can be used to accurately predict abundance of subpopulations,
especially that of rare species, in a heterogeneous mixture. These results
show that complementary information of an interacting network, generated
by the two-pronged methodology, can be unified in a thermodynamic
framework.
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Computational Analysis of Co-Transcriptional Riboswitch Folding
Benjamin Lutz1, Michael Faber2, Abhinav Verma1, Stefan Klumpp2,
Alexander Schug1.
1Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, Germany,
2Max Planck Institut of Colloids and Interfaces, Potsdam, Germany.
Structured RNA in non-coding regions plays crucial regulatory roles in gene
expression. Riboswitches are important representatives of such structured
RNA that can prevent expression of the downstream gene by terminating
transcription or attenuating translation. Typically, one out of two distinct
structural conformations is formed depending on ligand binding. Transcrip-
tion and extrusion of the nascent strand out of RNA polymerase take place
at time scales comparable to those of folding and binding. We investigate
these interdependent processes by simulating the extrusion out of RNAP
and concurrent folding by two complementary computational techniques.
Molecular Dynamics simulations with native structure-based models [1] pro-
vide atomically resolved structural detail while energetically more detailed
kinetic Monte Carlo simulations [2] give access to longer timescales by
describing folding on the secondary structure level. Depending on the sce-
nario, we observe and quantify different pathways in structural formation
which complements experimental measurements [3] and helps to understand
the dynamic behavior of nascent RNA.
[1] Lutz B et al., eSBMTools1.0: enhanced native structure-based modeling
tools, Bioinformatics (2013) doi: 10.1093/bioinformatics/btt478.
[2] Faber M and Klumpp S (submitted).
[3] Frieda K and Block S, Direct Observation of Cotranscriptional Folding in an
Adenine Riboswitch. Science 338 (2012): 397-400.
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Linking RNA Secondary Structure to the Free Energy of Tertiary Struc-
ture Folding through Coarse-Grained Models
Anthony M. Mustoe, Hashim M. Al-Hashimi, Charles L. Brooks III.
University of Michigan, Ann Arbor, MI, USA.
The importance of RNA secondary structure to 3D structure has long been
appreciated, but a quantitative understanding of the linkage between the
two has remained unclear. Recent results from our labs have indicated that
simple steric and connectivity properties of RNA secondary structure
strongly constrain and bias the 3D conformations that are sampled by
RNA junctions. To further investigate the significance of these so-called to-
pological constraints we have performed extensive simulations of various
cytosolic tRNAs (ctRNA), mitochondrial tRNAs (mtRNA), and variants of
the hairpin ribozyme using a specialized coarse-grained molecular dynamics
model. This model reduces RNAs to collections of semi-rigid helices linked
by freely rotatable single strands and ignores attractive and electrostatic
forces, thus isolating the effects of topological constraints on RNA structure.
Our simulations reveal that secondary structure changes as small as the inser-
tion or deletion of one nucleotide into a junction loop can significantly alter
the entropic cost of folding due to changes in topological constraints. In the
hairpin ribozyme, such single nucleotide changes modulate the tertiary struc-
ture folding free energy by ~0.5 kcal/mol. More radical changes in junction
topology alter folding free energies by >2 kcal/mol. These results are in
strong agreement with previous experimental findings. In mtRNA, we
show that a single nucleotide insertion, by altering topological constraints,
causes a decrease in melting temperature of ~10 C. This decreased melting
temperature provides a possible mechanism for the pathogenicity of such
mutations in humans. Together, our results indicate that simple topological
constraints imposed by secondary structure are a powerful determinant of
RNA 3D structure.1450-Pos Board B180
Coarse-Grain RNA Folding: Towards More Complex Structures
Tristan Cragnolini, Yoann Laurin, Philippe Derreumaux, Samuela Pasquali.
Univ Paris Diderot, Sorbonne Paris Cite´, Laboratoire de Biochimie
The´orique, UPR 9080 CNRS, Paris, France.
RNA molecules are known to perform a variety of functions that are strictly
dependent on their tertiary structures. Both large and small molecules can adopt
complex and multiple architectures, including pseudoknots, multiple base pairs
interactions, or alternative configurations as in riboswitches.
Despite experimental efforts, many questions remain on how RNA molecules
fold and their thermodynamical properties. Similarly determining their tertiary
structures is still a challenge by means of computer simulations.
With the aid of HiRE-RNA [1,2], a coarse-grained force field we develop, and
enhanced sampling techniques such as Replica Exchange Molecular Dynamics
[3], we are able to explore the conformational landscape of RNAs up to about
100 nucleotides, both in single and double strands, and to provide answers on
both their dynamics and thermodynamics.
The introduction of a few constraints imposing a small number of base pairs,
greatly improves the folding success by reducing the phase space. We discuss
how these constraints can be introduced during simulation, and how the results
depend on their numbers and locations in the RNA architectures.
[1] Pasquali, S.; Derreumaux, P. HiRE-RNA: a high resolution coarse-grained
energymodel forRNA,The Journal ofPhysicalChemistryB2010, 114, 11957-66.
[2] Cragnolini, T.; Derreumaux, P.; Pasquali, S. Coarse-Grained Simulations of
RNA and DNADuplexes, The Journal of Physical Chemistry B 2013, 117 (27),
8047.
[3] Chebaro, Y.; Mousseau, N.; Derreumaux, P. Structures and thermody-
namics of Alzheimer’s amyloid-beta Abeta(16-35) monomer and dimer by
replica exchange molecular dynamics simulations: implication for full-length
Abeta fibrillation. The Journal of Physical Chemistry B 2009, 113, 7668-75.
1451-Pos Board B181
Observation of Global Changes in Conformation of an RNA Kissing
Complex using Single-Molecular-Pair FRET
Sheema Rahmanseresht, Peker Milas, Ben D. Gamari, Louis Parrot,
Lori S. Goldner.
Physics, Universtiy of Massachussets, Amherst, Amherst, MA, USA.
We report on the observation of a change in the bend angle or twist of an RNA
kissing complex upon Rop binding. Subtle global changes in molecular struc-
ture upon binding are generally difficult to discern using NMR or crystallog-
raphy. FRET is well suited to observe these changes because of its
sensitivity to interdye distance around the Fo¨rster radius, typically z5nm.
For this reason, FRET is often referred to and used as a ‘‘molecular ruler’’
on this length scale. Here we show that for dye pairs that have minimal rota-
tional freedom, FRET can also be used to observe changes in structure for
which there is no significant change in distance between the dyes. The
R1inv-R2inv kissing complex studied here is derived from the RNA I - RNA
II system in E. coli. RNA II is a primer for replication of the ColE1 plasmid;
its function is modulated by interaction with RNA I. Rop is known to bind
and stabilize kissing complexes. It is also known to bind RNA in a structure,
but not in a sequence dependent fashion. It has long been thought that Rop in-
creases the bend of the R1inv-R2inv complex upon binding, but this has never
been directly observed. Here we use FRET and modeling to investigate the
structural change of this kissing complex upon Rop binding.
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Folding in Human Telomerase RNA Pseudoknots: Kinetic and
Thermodynamic Studies via Single-Molecule FRET
Erik Holmstrom, David Nesbitt.
JILA/NIST/Department of Chemistry and Biochemistry, Boulder, CO, USA.
Telomerase is a ribonucleoprotein (RPN)
responsible for maintaining the ends of
linear eukaryotic chromosomes and has
serious implications for both aging and can-
cer. The single RNA component of the RNP
enzyme has a highly conserved pseudoknot
motif that is critical for proper biological
function. Single-Molecule Fluorescence
Resonance Energy Transfer (smFRET) mi-
croscopy is used to investigate the folding ki-
netics and thermodynamics of a minimal
wild-type (WT) pseudoknot construct. Urea
is used in conjunction with the smFRET ex-
periments to: (i) aid in determination of the
kinetic and thermodynamics parameters
